The present paper describes calcination of calcium phosphate ceramics (hydroxyapatite, HA) at 200, 400, 600, 800 and 1000°C to observe the phase change using X-ray diffraction. HA phase was found to be stable up to 600°C and later got dissociated into other non-stoichiometric phases like tricalcium phosphate (Ca 3 (PO 4 ) 2 [TCP]), calcium pyrophosphate (Ca 2 P 2 O 7 [CPP]) and calcium hydrogen phosphate (CaHPO 4 [CHP]). TCP was found to be the major phase above 1000°C. FTIR spectra showed the presence of various PO 4 3− and OH − groups present in the powder.
Introduction
Bioceramics are needed to alleviate pain and restore function of diseased body parts. Hydroxyapatite [Ca 10 (PO 4 ) 6 (OH) 2 , HA] is one of the most effective biocompatible material and is found to be the major component of the bone. It is widely used as coating on femoral stems or acetabular cups and as bone substitutes because of its bone bonding ability with the surrounding tissues [1, 2] .
HA can be prepared by several synthetic routes which include hydrolysis, hydrothermal synthesis, hydrothermal exchange, solid processes from bovine bone, sol-gel processes, spray pyrolysis from natural coralline and wet chemical methods [3] [4] [5] [6] [7] [8] [9] . Among these techniques, the most popular is the wet chemical route. However, the composition, physicochemical properties, crystal size and morphology of synthetic apatites are extremely sensitive to preparative conditions and sometimes it resulted into non-stoichiometric calcium deficient HA powders. Raynaud et al. [10] synthesized single phase calcium phosphate powders with Ca/P molar ratio ranging from 1.5 to 1.67 using wet chemical method. Outside this compositional range the powders were found to be biphasic mixtures composed of calcium phosphate apatite and CaHPO 4 when Ca/P was below 1.5. When this ratio was above 1.67, Ca (OH) 2 along with calcium phosphate apatite was found to be present. Temperature and pH of solution during synthesis were found to be important for the control of the precipitate of composition. Other possible phases could be calcium phosphate compounds such as amorphous calcium phosphates (ACP) with variable compositions of Ca 3 (PO 4 ) 2−2x (HPO 4 ) 3x ·nH 2 O, octacalcium phosphate (OCP), Ca 8 (HPO 4 ) 2 (PO 4 ) 4 ·5H 2 O, and calcium hydrogen phosphate dihydrate (DCPD), CaHPO 4 ·2H 2-O (brushite) [3] . In addition trace impurities such as hydrogen phosphate, carbonate, silicate, etc., are always found to be present in any preparative procedure of HA [4] .
Literature revealed that the densification ratio (percent theoretical density) increased with increase in initial Ca/P molar ratio in the powders. It was concluded that presence of high amount of TCP was detrimental to the sintering of biphasic HA/TCP ceramics [11] . In another investigation [12] in order to avoid grain growth and improve densification, calcium deficient HA powders were hot pressed at 1100°C to produce dense HA/TCP biphasic materials.
The strength of the biphasic system was found to be higher as compared to pure HA. Wang and Chaki [13] studied the sintering behavior (air, vacuum, moisture) and mechanical properties of hydroxyapatite and dicalcium phosphate. Therefore, many studies have been done on various calcium phosphate ceramics and the composition of phases can be changed with a slight variation in Ca/ P ratio as well as temperature and pH of the solution.
In the present study, we synthesize calcium phosphate ceramics by solution route. The thermal stability of the prepared powders was studied by calcining them at various temperatures. The effect of heat treatment on Ca/P ratio and phase content were investigated by XRD and EDS. Consolidation of these powders at various temperatures was carried out to observe the phase composition by XRD, elemental composition by EDS and functional group identification by FTIR. Sintered properties as well as mechanical behavior of the compacts were evaluated and the fractured surfaces were analyzed by environmental SEM.
Experimental

Preparation of calcium phosphate ceramics
The hydroxyapatite ceramic powder was prepared by solution route using the analytical reagent grade calcium nitrate tetrahydrate [Ca(NO 3 ) 2 ·4H 2 O] and di-ammonium hydrogen orthophosphate [(NH 3 ) 2 HPO 4 ] in such a way that Ca/P ratios were in between 1.60 and 1.65. HA was precipitated at room temperature in aqueous medium by the slow addition of diammonium hydrogen orthophosphate containing NH 4 OH solution (for maintaining pH ∼ 11) to a solution of calcium nitrate tetrahydrate (also containing NH 4 OH solution for maintaining pH ∼ 11). The solution was stirred constantly for 24 h by a mechanical stirrer, allowing the reaction to complete. The resultant precipitate was filtered and dried. Aggregates formed were crushed to get fine powder which was calcined at various temperatures from 200 to 1000°C at 200°C intervals.
Based on the thermogravimetry results a calcination treatment was done at 400°C for 1 h and the calcined powders were ball milled at 100 rpm to get fine powders. Calcined powders were compacted at 400 to 1200 MPa pressures into 15 mm diameter cylindrical samples. These were then sintered at 1100°C and both green as well as sintered densities were measured. Further powders compacted at 600 MPa were sintered at 900 to 1200°C (100°C intervals) and later density, phase content and mechanical properties were evaluated.
Characterization
Powders calcined at different temperatures as well as sintered samples were characterized for phase content by X-ray diffraction in the scanning range of 2θ = 20-80 (wavelength = K α1 ) by Philips PANalytical (The Netherlands) instrument. The phases developed during calcination were compared and confirmed using standard JCPDS files. The relative intensity ratios (Rir) corresponding to the major phases observed in the XRD spectra of powders calcined at different temperatures were computed using the relationship given in Eq. 
In order to understand the variation in total calcium and phosphorous with increase in calcination temperature the samples were examined by energy dispersive X-ray analysis (EDS) using FEI Quanta 200 (The Netherlands). The results were rationalized by computing the relative weight percent of the elements as per the relationship
where W 0 =weight percent of the sample calcined at 200°C and W = weight percent of the sample calcined at a particular temperature. Various functional groups present in the prepared powder as well as the powders calcined at different temperatures were identified by FTIR (Nicolet Magna IR 550). Here 1% of the powder was mixed and ground with 99% of KBr. Tablets of 10 mm diameter for FTIR measurements were prepared by pressing the powder mixture at a load of 5 tons for 2 min and the spectrum was taken in the range of 400 to 4000 cm − 1 with resolution 4 and 128 times scanning. The piston on three ball test (ASTM Standard F 394-78) was used to flexure test the disc specimens [14] [15] [16] . To more closely mimic dental restoration dimensions and make specimen fabrication realistic a smaller specimen diameter than specified was adopted. Disc specimens were centered and supported on three steel spheres (3.18 mm diameter) positioned 120°apart on a circle (10 mm diameter). A thin plastic sheet was positioned between the specimen surface and the flat ended loading cylinder (1.58 mm diameter) to distribute the load evenly. The specimens were loaded in a universal testing machine (BISS, India) at a crosshead speed of 0.15 mm/min until failure. The recorded fracture load (N) was used to evaluate the strength of the compacts. Fractured surfaces of these sintered bodies were observed under an environmental scanning electron microscope (FEI Quanta 200, The Netherlands).
Results and discussions
3.1. Characterization of powders 3.1.1. X-ray diffraction studies of the calcined powders X-ray diffraction spectra of calcium phosphate powders calcined at different temperatures are shown in Fig. 1 . Up to 600°C calcined powders, most of the lines corresponding to HA were matching with the standard JCPDS (File No 74-0566) and the spectrum contains noisy background which could be due to glassy phosphate matrix. Similar observations were also explained in the literatures confirming the synthesized powders to be apatitic when the Ca/P ratio is in the range of 1.50-1.67 [11] . However, high temperature calcined powders spectra were found to be more sharpen and less noisy due to well crystallized phases. The d-values corresponding to some of the phases, typically those corresponding to CaO and non-stoichiometric hydroxyapatites and phosphates, overlapped with the high intensity lines and were, therefore, not separately considered. Fig. 2 shows the variation in relative intensity of various phases as a function of calcination temperature of the powders. It can be noticed that calcium hydroxyapatite was stable up to about 600°C after which dehydroxylation occurred leading to the formation of Ca 3 (PO 4 ) 2 [TCP] and Ca 2 P 2 O 7 [CPP] . Similarly the intensity ratio of lines corresponding to CaHPO 4 [CHP] showed a decrease with increase in calcination temperature. This could be attributed to the conversion of CHP to CPP above 700°C and the results are further evidenced by FTIR which showed the increase in intensity of pyrophosphate phase at 720 cm − 1 when the powders were calcined above 600°C. The results obtained in the present experiments suggested that dehydroxylation reaction of HA occurred leading to the formation of major amount of TCP and minor amount of CPP above 600°C. With an increase in calcination temperature HA would have started losing hydroxyl groups forming various phosphates. This is in agreement with those reported earlier by Kutty [17] and Skinner et al. [18] . In a truly anhydrous system, hydroxyapatite should not appear due to the following dehydroxylation reaction given in Eq. (3):
Crystallographically, the end products seem apatitic because (i) the diffraction maxima of Ca 4 P 2 O 9 [TTCP] overlap those of hydroxyapatite, and, (ii) formed Ca 3 (PO 4 ) 2 seem to exhibit an apatite lattice, rather than that of whitlockite. This is believed possible due to the inclusion of lattice defects. Only prolonged heating as well as high vacuum was found to accelerate the phase transition [18] . According to Newesely and Osborn [19] , pure hydroxyapatite powder was found to decompose at about 1400°C in the absence of water into α whitlockite [Ca 3 (PO 4 ) 2 ] and Ca 4 P 2 O 9 , while samples with higher phosphorous content (like apatite with lattice defects) could form β whitlockite at around 1000°C. The later can transform to α whitlockite at 1400°C. Thus, the decrease in Rir of HA with increase in calcination temperature observed in Fig. 2 does not really indicate the absence of HA-like phases.
Literature indicates the formation of TCP and TTCP as well as CaO at 1100-1200°C. The formation of CPP has not been indicated. It is well known that in several ceramic systems containing fine as well as nanocrystallites the surface as well as interfacial energy will be of considerable magnitude and opposes the phase transformations. In other words the surface energy will be much larger than the phase transformation energy. Typically in sol-gel processed zirconium oxide powders it was always found that the powders were initially amorphous. An increase in calcination temperature at first result in formation of metastable high temperature cubic phase. With further increase in temperature, the crystallite size increases with a resultant formation of metastable medium temperature tetragonal phase. Only after about 800°C calcination, when the crystallite size had sufficiently increased, the room temperature stable monoclinic phase is found to form [20] . Similar results were also observed for the transformation of phases in BaTiO 3 . It is, therefore, believed that the high surface energy associated with fine particles had hindered the transformation of TCP to other phases.
In order to understand whether the formation of TCP phase at as low temperature as 600°C is related to the surface energy effect, the crystallite sizes of HA and TCP were computed from the half width at full maximum of XRD lines using Scherrer's formula (Eq. (4)) and are shown in Table 1 . The crystallite size was determined using the Scherrer's formula.
where λ = wavelength of the X-ray, h = Bragg angle, k = constant (0.94), B r = broadening due to crystallite size. Table 1 indicated the major phase in the powders to be HA at 200°C calcinations with a crystallite size of 6.1 nm and the crystallite size varies from 6.1 to 48.2 nm when the powder was calcined at 1000°C. Crystallite size of TCP was found to be 68.3 nm at 1000°C calcined powders. Both the phases showed very fine crystallites with sizes in the nanometer range. Thus the formation of TCP at low temperatures is justified. In all probability this will be a metastable TCP which can further transform to other phases once the crystallite size increases with an increase in temperature such as those encountered in subsequent sintering. This powder has been used in compaction and sintering experiments.
Elemental analysis of the calcined powders by EDS
In order to observe the elemental composition at each calcination temperature, EDS were carried out and the results are shown in Fig. 3 as a function of calcination temperature.
It can be noticed that both calcium and phosphorous increased with increase in calcination temperature while oxygen decreased. Above 400°C the increase in calcium was much more than that of phosphorous indicating an increase in Ca/P ratios on the surface of the samples with increase in calcination temperature. This could be due to the loss of oxygen in the form of hydroxyl group and moisture. Computed Ca/P ratios in powders calcined at different temperatures are plotted in Fig. 4 as a function of calcination temperature. Since the powders contained varying amounts of HA, TCP, CPP, TTCP and CHP, the Ca/P ratios will be different from that observed in stoichiometric HA.
A comparison with the observed results show that the powders are mixture of phases with Ca/P ratios varying between 1.26 and 1.29 at.% or 1.58 and 1.65 wt.%. Thus the powders were found to be sub-stoichiometric calcium deficient HA. Increase in calcination temperatures did not have much effect on Ca/P ratios. The Rir from XRD data indicated the presence of CPP and CHP [Ca/P ratio 1 at.%] phases along with HA and TCP [Ca/P ratios 1.67 and 1.5 at.%] respectively. Thus the observed Ca/P ratios of 1.26 to 1.29 at.% is most likely to represent the average of all these four phases.
Fourier transform infrared spectroscopy of the calcined powders
FTIR spectra of the powder calcined at various temperatures showed vibrational modes characteristic of PO 4 3− and OH − groups (Fig. 5) . The bands at 570 cm − 1 and 600 cm − 1 were assigned to the O-P-O bending mode (ν 4 ), 1090 and 1040 cm − 1 to asymmetric stretching mode ν 3 and 962 cm − 1 to symmetric stretching vibration ν 1 . The intensities of absorption of these bands increased with an increase in calcination temperature of the powder. The bands at 820 and 1380 cm − 1 were attributed to residual NO 3 − groups resulting from synthesis precursors. The band at 1650 cm − 1 could be assigned to CO 3 2− vibrational peaks. The intensities of both CO 3 2− and NO 3 − peaks decreased at higher calcination temperatures because they are released as volatile gases. From 200°C, a band at 720 cm − 1 attributed to pyrophosphate groups was observed. However the intensity of absorption increased above 600°C calcined powder because of CHP to CPP conversion. These results are also in good agreement with XRD results as observed in Fig. 2 . A small peak at 875 cm − 1 could be attributed to HPO 4 which is the characteristic of calcium deficient apatites. Thus the data of FTIR also supports the dehydroxylation of HA into various calcium phosphates.
Consolidation of the powders
Apatite powder mixed with 5 wt.% polyvinyl alcohol (PVA) solution was compacted at different pressures from 400 to 1000 MPa. The compacts were subsequently sintered at 1100°C for 1 h in air. In order to remove the PVA, samples were held at 400°C for 30 min in the furnace.
Density
The green (as compacted) and sintered densities of the samples were measured from dimensions and are shown in Fig. 6 as a function of compaction pressure. It can be seen that beyond 600 MPa of compaction pressure there was no significant variation in sintered density. Hence, for further experiments this compaction pressure was chosen. In order to study the effect of sintering temperature, HA powders compacted at 600 MPa were sintered for 1 h at 900-1200°C in air.
Biaxial flexural strength of the sintered bodies and fractography
Biaxial flexural strength (BFS) of the samples was determined and the densities and BFS values of samples sintered at different temperatures are shown in Fig. 7 . It can be noticed that sintered densities increased linearly with increase in sintering temperature. The biaxial flexural strength, on the other hand, showed a maximum value of 48.7 MPa at 1100°C followed by a decrease. Decrease in strength beyond 1100°C could be due to allotropic transformation of TCP phase from β→α and the α phase is reported to be a brittle phase. This allotropic transformation occurred at 1150°C and the reverse transformation was not totally achieved during cooling [11] . Typical fractured surfaces of samples sintered at different temperatures are shown in Fig. 8(a-d) . Evidently, an increase in sintering temperature had resulted in decreased porosities and was therefore responsible for high BFS values observed. While Fig. 8 
X-ray diffraction studies of the sintered bodies
The relative intensity ratios (Rir) of the X-ray lines corresponding to these phases were computed and are plotted as a function of sintering temperature in Fig. 9 . It was noticed earlier that with an increase in calcination temperature, the HA powders above 800°C showed TCP and CPP to be the major phases (Fig. 2) . Further, the magnitude of relative intensity ratios of lines corresponding to both major and minor phases (Fig. 9) were almost similar to those observed in the powders calcined above 800°C. Increase in sintering temperatures did not result in any major change in the intensity ratios of CHP and HA phases. The intensity ratios corresponding to TCP slightly increased while those corresponding to CPP and TTCP slightly decreased with increase in sintering temperatures. Fig. 10 shows the variation in sintered density and BFS of samples sintered at different temperatures as a function of Rir of X-ray lines corresponding to TCP. As TCP was the major phase in all sintered samples (Fig. 9) , it is expected that the sintering of the samples will be controlled by the sintering of TCP phase. If this is so the sintered density should be directly proportional to the Rir of TCP phase as observed in the present investigation. Thus the presence of TCP phase in the sintered HA samples helped in increasing the sintered density which in turn increases the BFS. Because of the porosity present in the sintered samples, possibly due to differential contraction of various phases BFS values were somewhat low.
Elemental analysis results of the sintered bodies from EDS
The concentration of various elements present in sintered samples was determined by EDS. There was no significant change in elemental concentration on the surface of the samples sintered at various temperatures. This is to be expected as there was no significant change of Rir of various phases with an increase in sintering temperatures (Fig. 9) . These results were rationalized by choosing the weight percent of the elements in 400°C calcined powders as W 0 , and, the relative weight percent of elements was computed and shown in Fig. 11 as a function of sintering temperature. The relative weight percent of calcium showed a rapid increase up to 1000°C sintering temperature (as compared to the green compacts made from 400°C calcined powders). Further increase in sintering temperature did not result in any change. The reverse trend was observed in the case of phosphorous and oxygen. The results indicated that an increase in sintering temperature increased the Ca/P ratios possibly due to a simultaneous loss of phosphorous and oxygen. Ca/P ratios in both atomic and weight percent were computed from EDS results and are shown in Fig. 12 as a function of sintering temperature. The composition of the surface layers of the sample was observed and this may not represent the bulk composition. The results obtained indicate that although the samples are sub-stoichiometric (Ca/P b 1.67), the Ca/P ratio increased with increase in sintering temperatures. As the samples were sintered in air, the possibility of phosphorous escaping from the surface of the sample as gaseous oxides cannot be ruled out. Further, the slight changes in relative intensity ratios as well as the changes in elemental concentration could have also contributed to increase in Ca/P ratio with increase in sintering temperatures.
Conclusions
It was observed that HA in the powders was stable up to 600°C calcination temperature, and, above this temperature it got dissociated into other phases like TCP, CPP and CHP. FTIR spectra showed the presence of various PO 4 3− and OH − vibrational frequencies. Ca/P ratio was observed to be sub-stoichiometric in the as-prepared HA powder.
HA powders compacted at 600 MPa and sintered at temperatures 900-1200°C for 1 h in air showed an increase in sintered density from 2.11 to 2.95 g/cm 3 . Biaxial flexural strength of the samples was found to be higher (48.7 MPa) when the samples were sintered at 1100°C. The strength increases with increase in TCP content in HA matrix and the sintered density and BFS were linearly related to the Rir of most intense TCP X-ray line. However the strength of the consolidated samples decreased above 1100°C because of allotropic transformation in TCP phase.
